hybridized carbons in out-of-plane structures (GS, GP and GSi) more readily form a hydrogen atom binding rather than sp 2 in in-plane structures (GB and GN). Then, in the same out-of-plane structures, the hydrogen atom binding energy depends on the charge of the carbons around the active site with ionic bond characters. Therefore, the negativity of carbon charges around active sites by hydrogen binding improve HER activity. Looking at the Figure S4 , the order of negativity of carbon charges around active site is well agreement with the order of HER activity.
The less negativity of carbon charges on GSi and GP can be explained by charge localization on the dopant as shown in Figure S4 . Our calculations show that the first hydrogen atom favorably bind to site1 in both inplane (GN) and out-of-plane (GS) structure with 0.36 eV and -0.29 eV, respectively. But, the second hydrogen atom in the in-plane and out-of-plane structures prefers site2 and site1 with 0.43 eV and 0.02 eV, respectively. The results are well agreement with our interpretation based on the atomic orbital hybridization analysis described in the main text, where the subsequent two hydrogen atoms prefer to bind to only sp 3 hybridized carbons adjacent to the dopant in out-ofplane structures, and in the in-plane structures, the second hydrogen atom favorably bind to sp 3 hybridized second neighboring carbons of dopant. In out-of-plane structures, the subsequent two hydrogen atoms prefer to bind to only sp 3 hybridized site1 carbons. However, in the case of inplane structures having only sp 2 hybridized carbons, the first hydrogen atom should result in structural deformation to form sp 3 hybridized carbons. Therefore, the first hydrogen adsorption on the in-plane structure is less favorable than the reaction on out-of-plane structures. And the second hydrogen atom can favorably bind to sp 3 hybridized site2 carbons.
